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Summary.
An improved sequence of formation for Valles Marin-

eris depressions is proposed. It involves three key stages: (a)
dike emplacement radial to Syria Planum during Late
Noachian to Early Hesperian time; (b) subsidence of crustal
rocks due to reduction of void space at depth during post-
Early Hesperian time; and (c) regional normal faulting that
overprints the ancestral basins and forms the structural
troughs during Amazonian time.
Introduction and Background.

The origin of Valles Marineris troughs and basins has
remained a problem since their discovery nearly a quarter
century ago [1]. Two main schools of thought appear to have
emerged over the course of many investigations by inde-
pendent research groups:  collapse [2,3] and tectonic [4–9].
In the Collapse School, attention is usually focused on the
closed depressions such as Hebes Chasma and their spec-
tacular layered deposits. Here, there exists no obvious route
for lateral removal of material that once filled the trough
depression, requiring that the void be created by removal of
crustal material downward in some preexisting cavity. The
role of structure in forming these depressions is considered
to be either minor or a by-product of trough formation by
collapse. In the Tectonic School, the role of normal faulting
is predominent and the troughs most consistent with this
mechanism are the narrow rectangular troughs such as
Coprates Chasma. The tectonic hypothesis has difficulties in
accounting for the irregular outlines, and apparently con-
stant depth, of the closed depressions such as Hebes.

In this abstract I suggest that two separate, sequential,
and essentially independent, processes have collectively
formed the final Valles Marineris trough system that we see
today. The first stage produced the ancestral basins by
downward displacement of crustal rocks, while some time
later the second superimposed a set of tectonic grabens onto
the filled basins.
Ancestral Basins.

Ancestral basins (moats) have irregular shapes, 3–5 km
of apparent subsidence [10], and either chaotic terrain [11]
or smooth floor underlying thick sequences of the older
interior deposits. Lucchitta and Bertolini [12] suggested that
these large parts of the Valles Marineris trough system
subsided earlier than the more rectangular troughs such as
Coprates Chasma. This interesting hypothesis, supported by
later detailed work [10,13], is based in part on the presence
of large, high-standing remnants of older interior deposits in
southern, irregularly shaped troughs (such as Melas
Chasma) and in the southern parts of rectangular troughs
such as Candor Chasma. Because the northern parts of sev-
eral troughs stand at lower elevations than the adjacent
older interior deposits, and given a lack of evidence for
erosional transport of the older interior deposits along the
trough floors [10], it appears that the northern trough floors

represent a later stage of fault-controlled subsidence that
defines a single large, composite graben in the northern
parts of Ius, Melas, and Coprates Chasmata [3,4,7,14].
Problems with the Collapse Hypothesis.

In the collapse hypothesis, rock is thought to drain
downward into subsurface voids. The voids have been pos-
tulated to be open tensile cracks [2], although how the
cracks remain open, at tens of kilometers depth, to accept
the draining rock is not obvious. Drainage of rock requires
that the floors of the troughs lie at or near the angle or re-
pose (30° for common rock types), or steeper. However,
topographic studies of the floors of many troughs, postulated
to have formed by collapse [15], show that they are level.
These two problems would appear to define insurmountable
flaws for the collapse hypothesis.
A Subsidence Mechanism for Ancestral Basin
Formation.

The morphology and geologic relationships appear to
require that the floors of irregular depressions (ancestral
basins and Hebes Chasma-like troughs) be lowered 3–5 km
from the plateau surface. A different mechanism is proposed
here. Creation of void space at depth, perhaps by magmatic
heating of lenses of ground ice, causes contraction, defor-
mation, and eventual closure of these voids. The closing
voids act as either anticracks (for planar subhorizontal cavi-
ties) or deflating magma chambers [16], and for sufficient
ratios of width to depth, can interact mechanically with the
planetary free surface, producing a subsidence profile. The
void and surface do not need to be connected for this to
occur.

Subsidence of surface rocks is associated with localized
flexure, and failure, near the edges of the subsided region,
leading to nucleation of normal faults that eventually bound
the subsiding depression. In this scenario the floors of the
depressions remain relatively flat and level, matching the
photoclinometric observations, and normal faulting is only a
minor component in the subsidence process; its map pattern
is expected to be irregular, reflecting a coupling between the
geometry of the voids at depth and near-surface structure
that is likely exploited as the newly formed faults propagate
downward.

The voids themselves provide an example of roof design
under relatively shallow conditions [17]. The span of the
void is limited by void size, depth, rock mass characteris-
tics, and in situ stress. The roof beam can fail by any of
three mechanisms including compressive failure, shear fail-
ure, and buckling; specific conditions can be evaluated
quantitatively using standard techniques from mining engi-
neering [17]. The right set of conditions can lead to void
collapse and associated subsidence of superjacent rock
strata.
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Structural Control of Ancestral Basins.
The basins are crudely aligned with the later structural

troughs, suggesting common structural control [1]. Spencer
and Fanale [3] pointed out some of the difficulties with the
notion that a Valles Marineris-scale fault set underlies the
basins and provides control; in addition, scaling relations for
such large faults [14] would seem to preclude faulting as the
means of structural control.

Recent work by Mége and Masson [8,18] suggests that
uplift of the Syria Planum volcanotectonic province [19]
during late Noachian to Early Hesperian time may have led
to extensive radial dike emplacement concommitant with
the volcanic resurfacing. Local extrusions of flows have
been observed along some of the radial grabens [19], sup-
porting Mége and Masson’s hypothesis. They further sug-
gest that many of the collapse depressions in the Valles
Marineris region (such as south of Coprates Chasma) over-
lie dikes. This attractive hypothesis [18] implies that later
deformation in Tharsis, centered farther north, could both
have exploited the preexisting structural fabric (radial dikes
and grabens) and account for the slightly different orienta-
tion of pit-crater chains and adjacent faults and grabens [7].
It is possible that radial dike sets, several kilometers deep
[18], provided the structural control for the ancestral basins
without the need to invoke prebasin regional faulting.

Given the apparently long period of time between
faulting centered on Syria Planum (Late Noachian to Early
Hesperian) and formation of the ancestral basins (Late Hes-
perian or Middle Amazonian [1]), dikes probably were not a
significant source of heating of crustal rocks. Instead, addi-
tional heat sources appear required; high heat flow related
to rifting [20] and a mantle plume [18] have been suggested
to be associated with the later development of Valles
Marineris.
Conclusions.

A combination of initial subsidence of irregularly
shaped depressions, forming the ancestral basins, followed
by deposition of thick sequences of the older interior depos-
its, formed the first stage of trough formation. This stage
may be related to the formation of high topography extend-
ing northeastward from Syria Planum, along with dike em-
placement. The second, later stage involves superposition of
regional-scale normal faults, associated with loading
stresses from Tharsis, onto the same general area occupied
by the previously formed subsidence depressions. Either the
subsurface voids or the subsidence depressions may have
served as initial perturbations to the regional extensional
stress field, permitting localization of the central Ius-Melas-
Coprates Chasma rift graben in its present location. Al-
though both these separate processes have produced the
final trough system, it appears neither sufficient nor neces-
sary to invoke only one mechanism, and exclude the other,
to produce the Valles Marineris.
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